Molybdenum (Mo) is a body-centered-cubic (bcc) transition metal that has widespread technological applications. Although the bcc transition elements are used as test cases for understanding the behavior of metals under extreme conditions, the melting curves and phase transitions of these elements have been the subject of stark disagreements in recent years. Here we use x-ray diffraction to examine the phase stability and melting behavior of Mo under shock loading to 450 GPa. The bcc phase of Mo remains stable along the Hugoniot until 380 GPa. Our results do not support previous claims of a shallow melting curve for molybdenum.
I. INTRODUCTION
Molybdenum (Mo) is a refractory high-strength metal that is technologically important. In recent years its phase stability, equation of state, and melting behavior have been the subject of intensive investigation [1] [2] [3] [4] [5] [6] [7] [8] [9] . The equation of state of molybdenum has been well studied using static compression techniques [10] [11] [12] [13] [14] with recent work [15] demonstrating that Mo remains in the body-centered-cubic (bcc) phase until at least 410 GPa at room temperature. Molybdenum is utilized as an equation-of-state standard in shock compression experiments [16] [17] [18] [19] and for pressure calibration in the diamond-anvil cell [13, 20, 21] .
The phase diagram of molybdenum at high pressures and temperatures is the subject of considerable on-going controversy. Early sound velocity measurements [2] under shock loading identified two discontinuities-at 210 GPa (∼4100 K) and at 390 GPa (∼10 000 K) that were interpreted as solid-solid and solid-liquid transitions, respectively. In contrast, static diamond-anvil cell (DAC) experiments [1, 3] on Mo up to 119 GPa reported a very shallow melting slope, and comparison with shock data was used to infer that the reported 210-GPa discontinuity was associated with melting whereas the higherpressure discontinuity could be connected to a structural change in the liquid [22] . The discrepancy between the static and the shock data is considerable with differences in melting temperature of thousands of Kelvin at megabar pressures.
Theoretical methods using density functional theory (DFT) and molecular dynamics have also been used to calculate the melting curve of Mo at high pressures. These studies consistently find a steep melting slope that is in much better agreement with the shock wave data than the diamond-anvil cell measurements [4, 8, [23] [24] [25] . First-principles calculations on bcc metals, such as Mo are expected to be reliable based on their ability to reproduce experimental results for a wide range of properties (equation of state, thermoelastic properties, etc.) over a broad pressure range [8] . However, it has been argued that such methods may not be accurate for melting of bcc metals if there are substantial changes in the electronic structure upon melting [26] .
Theoretical studies have also addressed the question of solid-solid phase transitions in molybdenum at high P-T conditions. Initial studies using DFT predicted a transition to a face-centered-cubic (fcc) or hexagonal-close-packed (hcp) phase at pressure-temperature conditions that could explain the 210-GPa discontinuity in shock wave data [4] [5] [6] [7] . However, a more recent theoretical calculation that fully included the effect of anharmonicity found instead that the bcc phase remained stable up to melting, and no explanation for the 210-GPa discontinuity could be provided [8] . Recently, the sound velocities of shocked molybdenum were remeasured [9] and, in agreement with the theoretical calculation [8] , it was found that there is no statistically significant evidence for a 210-GPa discontinuity, thereby suggesting that Mo remains in the bcc phase until shock melting near 390 GPa. However, other recent studies have already raised questions about this conclusion [27, 28] .
Similar controversies surround the melting curve and phase stabilities of other transition metals [1] including Ta [29] [30] [31] [32] and Fe [33] [34] [35] [36] , so a better understanding of Mo has broader implications for high-pressure science and geophysics. Previous shock wave studies of molybdenum provided only constraints on the equation of state [16] or sound velocities [2,9,37] and could not directly determine the stability of different phases. Laser-driven dynamic compression experiments have emerged in recent years as a novel technique for probing the ultra-high-pressure behavior of materials [38] [39] [40] . In laser-shock experiments, the application of pulsed high-powered laser energy ablates the surface of a sample creating a hot expanding plasma which exerts pressure on the surrounding material resulting in the propagation of a strong shock wave through the sample. The development of nanosecond x-ray diffraction diagnostics provides a new means to probe the lattice compression and structural state of materials under these extreme conditions [41] [42] [43] [44] . Here we use powder x-ray diffraction on laser-shock-compressed molybdenum to directly probe the phases on the Hugoniot up to 450 GPa.
II. EXPERIMENTAL TECHNIQUES
Our experiments were carried out at the Omega Laser Facility [45] , which is a 351-nm 60-beam Nd:glass laser with up to 500 J of energy per beam. Targets consisted of an 11-µm-thick Mo foil (GoodFellow Corp., 99.9% purity) attached with thin (∼1-μm) epoxy layers between a 25-µm-thick polyimide (CH) layer and a 120-µm-thick LiF window (Fig. 1) . The starting Mo foils were characterized by x-ray diffraction which revealed a texture with (200) and (211) planes normal to the foil. A 3.7-ns-long laser pulse with energy ranging from 50 to 124 J was focused to a diameter of 800 µm on the surface of the polyimide layer. Ablation of this surface resulted in an ∼1-3-ns duration shock wave propagating through the polyimide and into the molybdenum sample. The response of the sample was monitored using velocity interferometry and x-ray diffraction.
Velocity interferometry (velocity interferometer system for any reflector (VISAR) [46] ) was used to measure the particle velocity history after shock arrival at the Mo/LiF interface (Fig. 2) . The measured interface velocity was used together with the known shock velocity (U S )-particle velocity (u p ) relationships for Mo and LiF to determine the pressure in the shocked Mo using the impedance matching method [47] . The equation-of-state data for these two materials were obtained by fitting experimental gas gun data for Mo [16] [17] [18] [48] [49] [50] and LiF [50] [51] [52] [53] ] to a linear relationship, where c and s are constants (Table I) . Release adiabats were approximated by reflecting the Hugoniot on the P -u p plane. The uncertainty in interface velocity was determined from the uncertainty in the measured fringe shift and the velocity uncertainty over the field of the view. The error in pressure was determined from propagation of uncertainties in the shock and interface velocities and the equation-of-state parameters.
Powder x-ray diffraction was used to probe the structure and volume compression of shocked molybdenum [43, 44, 54] . The sample assembly was attached to a 300-µm-diameter Ta pinhole and mounted on the front of an x-ray enclosure (Fig. 1) . A nanosecond x-ray source was generated by focusing 16 beams of the Omega laser with energy of 500 J beam in an ∼1-ns-long pulse to an ∼310-420-μm diameter spot onto a 2-mm square, 13-µm-thick copper foil (see Ref. [43] ). The foil was mounted 30 mm from the target at an angle of 45°. Irradiation of the foil generated a source of quasimonochromatic He-α x rays at 8.38 keV with bandwidths of ∼2% [43] . Satellite peaks in the emitted x-ray spectrum are suppressed using filtering [43] . The x rays passed through the Mo sample and were collimated by the Ta pinhole. The x-ray emission was timed such that the sample is probed while the shock front is propagating through the Mo layer but has not yet reached the Mo/LiF interface. X-ray diffraction lines generated from the target package were recorded on image plates lining the walls of the enclosure (Fig. 1) . Typical diffraction peak widths were ∼1
• , and diffraction angles could be resolved to ∼0.1
• [43] . Computer simulations were carried out using the hydrocode HYADES [55] in order to determine the laser pulse shapes and power levels required to achieve the desired pressures in the Mo sample. The simulations were also used to determine the time delay required between the laser pulse that compresses the sample and the pulse that generates the x-ray source. The initial estimates of the laser powers and time delays from the simulations were modified as necessary over the course of the experiments to optimize the obtained results.
III. RESULTS
A series of experiments was performed in which molybdenum was shock compressed over the range from 250 to 450 GPa. Figures 3 and 4 show representative x-ray diffraction results for shock-compressed Mo at different pressures. Figure 3 shows raw (no background subtraction) x-ray images from a single image plate (panel labeled "L" in Fig. 1 ). For each image, the observed diffraction lines can be assigned to one of the following: (1) Mo at ambient pressure (from the uncompressed region of the sample in front of the on-coming shock wave), (2) shock-compressed Mo, and (3) ambientpressure Ta (from the pinhole). The diffraction geometry was calibrated using the ambient-pressure diffraction lines from uncompressed Mo and Ta [43] . In Fig. 4 [panels (a), (c), (e), and (g)], the full diffraction images at selected pressures have been projected into 2θ -φ space [43] , where 2θ is the diffraction angle and φ is the azimuthal angle around the incident x-ray direction. This figure [panels (b), (d), (f), and (h)] also shows one-dimensional diffraction patterns from selected regions of the images.
At 250 GPa, a strong diffraction line was observed at d spacing of 1.948(9)Å [orange arrows in Figs. 3(a) and 4(a) and 4(b)] that can be assigned to the highest intensity (110) peak of Mo in the bcc structure. The corresponding ambient-pressure (110) peak is also observed in these shots (red arrow in Fig. 3 ). This indicates that the bcc phase remains stable above the pressure of the previously reported 210-GPa sound velocity discontinuity and further implies that this discontinuity is not related to melting as suggested in previous DAC experiments [1, 3] . At higher pressures, the (110) The densities of crystalline Mo determined from the unitcell volume obtained from the measured (110) d spacings of the bcc structure up to 380 GPa are shown in Fig. 5 and Table II . Densities calculated independently from impedance matching using the known equations of state for Mo and LiF are within 1% of those obtained directly from x-ray diffraction. Also shown in Fig. 5 are previous gas-gun Hugoniot data [16] [17] [18] 48, 50] (gray diamonds) and 293-K static compression data from diamond-anvil cell experiments [13, 21] (red triangles). The densities obtained from our x-ray diffraction on laser-shocked Mo (black symbols) are consistent with the previous gas-gun Hugoniot data within uncertainty. This supports the assignment of the observed diffraction line to the (110) peak of bcc Mo.
Previous theoretical studies predicted that a phase transition to the fcc or hcp structures may occur at high pressures and temperatures along the Hugoniot in Mo [4] [5] [6] [7] . Other candidate high-pressure phases include the double hexagonalclose-packed (dhcp) structure and the hexagonal omega (ω) phases [5, 56] . Our observed high-pressure Mo diffraction peak has been assigned to the (110) peak of the bcc structure. The validity of this peak assignment is supported by the agreement between the density from x-ray diffraction with that from the measured particle velocity and the known equation of state of Mo. However, we must also consider whether this single diffraction peak could instead arise from one of the alternative structures for Mo at high pressure. Using the measured d spacing, we tested other phases by calculating the density that would result from assignment of the observed peak to lines from those other structures. To do this, we identified the diffraction line from each candidate structure that would provide the closest match to the density obtained from the equation-of-state measurement. The corresponding lines are (111) for fcc, (002) for hcp, (004) for dhcp, and (101) or (110) for ω. The resulting density from assignment to the fcc (111) and hcp (002) lines is about 9% greater than obtained by assigning the line to the bcc (110) reflection. These densities for fcc and hcp structures are inconsistent Black circle shows x-ray densities from this study. Static diamondanvil cell data [13, 21] are shown as red triangles, and Hugoniot measurements [16] [17] [18] 48, 50] from gun experiments are shown as gray diamonds. Densities are also shown for the fcc, hcp, dhcp, and ω phases at selected pressures by assigning the indicated diffraction line to the observed Mo diffraction peak. For hexagonal phases (hcp, dhcp, and ω), the c/a ratios are taken to be 1.633, 3.154, and 0.622, respectively [63, 64] . Uncertainties are shown for bcc only and are similar for other structures.
with the stress-density response of Mo measured in gas-gun Hugoniot experiments, and therefore these structures can be rejected (Fig. 5) . All other diffraction lines of these phases also give unreasonable densities and/or c/a ratios when fit to our observation.
If the diffraction peak is assigned to the dhcp or ω phase, the densities would be 1.4% greater than that of the bcc phase and are marginally consistent with the Hugoniot data (Fig. 5) . The ω phase is a hexagonal structure (P6/mmm) arising from a distortion of the bcc phase in which the bcc (110) peak is replaced by a doublet of near equal intensities whose separation depends on the c/a ratio. Since we observe no evidence for a doublet or peak splitting in our diffraction data, an ω phase distortion along the Mo Hugoniot is not consistent with our data. In addition, theoretical calculations suggest the ω phase is not stable in Mo at high pressures [56] . For dhcp, the only diffraction peak which gives marginally plausible densities is the (004) peak which for an untextured solid would be expected to have significantly lower peak intensity than other neighboring peaks [only 30% intensity of the (102) peak]. This is not consistent with our observations of only a single detectable diffraction peak in Mo. On the other hand, the (110) peak of the bcc structure is expected to have intensities that are three to six times greater than the next closest (200) and (211) reflections and is thus consistent with our observation of only a single diffraction line. Hence, our measured diffraction data cannot be explained by any other structure than the bcc phase at high pressures. Starting from 390 GPa, the (110) diffraction line from Mo becomes broad and weak [ Figs. 3(e), 3(f), 4(e), and 4(g)].
The observed peak has a width [full width at half maximum (FWHM) of 4.2°-4.4°] that is considerably larger than the compressed Mo peaks at lower pressures (FWHM = 1.6
• -1.9
• ) [ Fig. 6(a) ]. The broad feature also exhibits nearly constant intensity along its azimuth, in contrast with the textured signal observed at lower pressure [Figs. 6(b) and 6(c)]. These observations are consistent with loss of crystallinity indicating that melting initiates along the Hugoniot near 390 GPa. Along the Hugoniot, the melting transition occurs over a finite pressure interval until sufficient energy is supplied to completely melt the solid [57] , and thus our observed signal likely represents a mixture of solid and liquid material.
IV. DISCUSSION
Our x-ray diffraction measurements provide a direct determination of shock melting in Mo at 380-390 GPa, supporting the previous interpretation of Hugoniot sound velocity measurements [2, 9] . The expected shock temperatures at this pressure are also consistent with the expected melting temperature of Mo from ab initio molecular dynamics at these pressures. Figure 7 summarizes the phase diagram of Mo including our new Hugoniot results. The temperature achieved in shock-compressed molybdenum were calculated by Ref. [57] using the thermodynamic relationship,
where γ is the Grüneisen parameter and C V is the heat capacity. Also shown in the figure are previous DAC melting data [1, 3] and locations of reported shock sound speed discontinuities [2] (green crosses). The Hugoniot temperatures T H , shown in Fig. 7 from Ref. [57] are generally consistent with calculated Hugoniot temperatures from other studies [2, 16, 58] which yield T H = 3700-4100 K at 210 GPa and T H = 8040-10 000 K at 390 GPa. A measurement of the shock temperature of Mo by pyrometry [58] reported a value of 7853 ± 813 K at 374 GPa which is consistent with calculated values. Theoretical studies [4, 24] using ab initio molecular dynamics yield values of 8300-9300 K for the melting temperature at 390 GPa, also in reasonable agreement with the Hugoniot calculations and measurements. The rapid heating during shock compression can result in superheating of the solid above the melting temperature [59] . Applying the results of a systematic study of superheating behavior in elements and simple compounds [59] , it is estimated that a supperheating correction may reduce the calculated shock melting temperatures at 390 GPa by ∼30% to 7700 ± 1500 K, which is in good agreement with the theoretical melting curves [4, 24] but well above extrapolated DAC melting results (Fig. 7) .
The persistence of the (110) diffraction peak of bcc molybdenum to high pressures also raises questions regarding the origin of the 210-GPa sound velocity discontinuity observed in Ref. [2] . Recently, a gas-gun study [9] has repeated the measurement of sound velocities on shock-loaded Mo to pressures above 400 GPa (Fig. 8) . In this paper, they confirmed the previous findings that melting occurs along the Hugoniot near 390 GPa but found no evidence for a compressional sound velocity discontinuity near 210 GPa. This indicates that a phase transition at this pressure is unnecessary. However, Errandonea et al. [27] have reinterpreted this same dataset to suggest that partial melting of Mo begins near 240 GPa. In addition, recent [57] , and the gray band shows the estimated uncertainty. The purple shaded region shows the range of calculated melting curves for Mo [4, 8, 24, 57] . The red triangles show DAC melting data [1, 3] , and the green bars indicate the location of previously reported 210-and 390-GPa discontinuities with their uncertainties [2] . The black arrow points to where shock melting is observed from our diffraction data at 390 GPa. The solid-liquid coexistence region is estimated from Ref. [57] .
ab initio calculations of the compressional sound velocity in bcc Mo along the Hugoniot show discrepancies with the measurements of Ref.
[2] that were interpreted as evidence for a solid-solid phase transition [28] .
Measured and calculated sound velocities [2,9,28,37] for Mo are summarized in Fig. 8 . Compressional sound velocities V P are obtained from gas-gun measurements using the optical analyzer technique [2, 9, 37] . Bulk sound velocities V B , taken from Ref. [2] , are calculated from the local slope of the Hugoniot curve together with the assumption that ργ = constant, where ρ is the density and γ is the Grüneisen parameter. The shear wave velocity along the Hugoniot is calculated from the relationship:
. Also shown are the recent ab initio calculations of Ref. [28] . Taken together, the measured V P values show clear evidence only for a single sound velocity discontinuity near 380-400 GPa, and a discontinuity near 210 GPa is not observed.
The ab initio bulk sound velocities [28] for molybdenum are in good agreement with those calculated from the Hugoniot slope [2], but the compressional velocity values diverge increasingly from the Hugoniot measurements at high pressures (Fig. 8) . Lukinov et al. [28] suggest this may be evidence for a possible solid-solid phase transition above 200 GPa. However, phase transitions typically produce a discontinuity in the sound velocity which is not observed here. Alternatively, the discrepancy may be related to limitations in the accuracy of the theoretical calculations. A further possibility is that the discrepancy can be due to deviations of the measured sound velocities from that of an isotropic aggregate. From the reported elastic constants [28] . More recent sound velocity data [9] provide additional evidence in support of the 390-GPa discontinuity, consistent with our x-ray diffraction results (black dashed line) but do not support the existence of the 210-GPa discontinuity.
value (A = 1.40) at 136 GPa to a value of 4.3 at 330 GPa, indicating a substantial increase in elastic anisotropy with compression. The high degree of elastic anisotropy together with the presence of texturing in the compressed material may cause the measured velocities to deviate from those of an isotropic average reported by Ref. [28] .
Our x-ray diffraction measurements provide direct evidence for the stability of bcc Mo to pressures well above the 210-GPa discontinuity. As discussed above, this is supported by recent remeasurements of Hugoniot sound velocities [9] which show no direct evidence for such a discontinuity. Additional evidence for the stability of bcc Mo above 210 GPa is provided by the recent theoretical study [8] in which anharmonic effects on Mo lattice vibrations are taken into account. In contrast to earlier work [4, 5, 7] , this study found that the bcc phase remains stable at high P-T conditions up until melting, in agreement with our experimental results. Thus our finding that Mo remains in the bcc structure to 380 GPa is consistent with both the most advanced theoretical calculations and the latest sound velocity measurements.
The shear velocities calculated from the data of Nguyen et al. [9] exhibit softening beginning from about 240 GPa (Fig. 8) , and Errandonea et al. [27] suggest this may be related to the beginning of partial melting along the Hugoniot, potentially reconciling the shock data with the low melting temperatures obtained in diamond-anvil cell experiments. However, softening of the shear velocity is not conclusive evidence for partial melting as the rapid increase in shock temperature at these pressures may produce thermal softening in the solid state. Notably, the shear velocities obtained from the ab initio calculations [28] on solid Mo along the Hugoniot also exhibit softening with increasing pressure in this range (Fig. 8) . Softening of the shear modulus along the Hugoniot has been observed experimentally in copper and other metals in the solid state [60, 61] . Furthermore, the theoretically calculated melting temperatures near 210 GPa (T m = 6600-7250 K) [4, 24] lie well above the expected Hugoniot temperatures (3700-4100 K), so partial melting is not expected at these conditions. Melting temperature measurements in DAC experiments may suffer uncertainties due to temperature gradients, systematic temperature measurement error, and ambiguous melt criteria, and these factors could lead to an underestimate of melting temperatures [62] .
V. CONCLUSIONS
To summarize, we show that x-ray diffraction combined with laser-driven shock compression can be used to provide direct constraints on lattice structure and melting to very high pressures. Shock-compressed molybdenum shows no evidence of a solid-solid phase transition along the Hugoniot; the bcc structure remains stable until shock melting begins at ∼390 GPa. Previous suggestions of a low melting temperature for Mo are not supported by our data. Our results are in good agreement with recent theoretical calculations accounting for anharmonicity [8] and recent remeasurement of sound speeds along the Hugoniot [9, 37] , which together provide a consistent description of the high-pressure behavior of this fundamental transition metal.
